In this paper, we demonstrate an assisted self-assembly fabrication method for unidirectional patterns using pre-programmed shape memory polymer (SMP) as the substrate in an organic/ inorganic bi-layer structure. By heating the hybrid structure above the SMP's shape recovery temperature, the substrate expands because of positive coefficients of thermal expansion in one direction, while in the perpendicular direction it shrinks due to shape memory effect overpowering thermal expansion. Consequently, the metal thin film coated on the substrate is subjected to an orthogonal compression-tension stress field and forms unidirectional wavy patterns. The experimentally obtained wrinkles are well-aligned with uniform wavelength ranging from about 930 nm to 5 lm corresponding to various programming strains and film thicknesses. A parametric study was carried out to study the influence of programming strain and film thickness on wrinkle wavelength and amplitude. The results were compared with a finite deformation model and showed good agreement with theoretical predictions. A simple analytical model incorporating a progressive damage scheme and visco-elasticity is proposed to explain defect formation and post-buckling pattern evolution, respectively. The present study is expected to offer a convenient and simple path of fabricating large-scale unidirectional wavy patterns. A potential application to organic photovoltaics is discussed. V C 2012 American Institute of Physics.
I. INTRODUCTION
Patterning of periodic surface micro/nanostructures has been a popular research topic for years because of its widerange of potential applications. The spatial periodicity, especially at micro/nano scale, yields unique acoustic, electronic, optical, and mechanical properties.
1 Such structures are especially promising in the field of photovoltaic cells. Integration of optical gratings in cell designs can reduce the reflectance of incident light, as well as boost the light absorption efficiency due to the mechanism called "light trapping." [2] [3] [4] [5] [6] [7] [8] Other applications were inspired by nature. Huang et al. 9 have shown that the closely packed protuberances replicated from the compound eyes of household flies formed antireflection complex gratings. They 10 also replicated the fine structure of butterfly wing scales, achieving tunable photonic properties. Besides, surface patterning is also good for hydrodynamics; for example, the scale patterns of sharks can reduce drag and friction. 11 Wrinkles, among the aforementioned periodic surface structures, have several applications. Stafford et al. [12] [13] [14] proposed a wrinkle-based metrology for measuring the elastic moduli of polymeric thin films. Efimenko et al. 15 utilized a nested hierarchy of wrinkled substrates as microfluidic sieves. Harrison et al. 16 used wrinkles as phase gratings and they were able to modulate the intensities of the laser-beam diffraction peaks up to three orders. Fu et al. 17 used metallic wavy nanostructures for metal-enhanced fluorescence sensing, improving the sensitivity for DNA and protein microarrays. The use of wavy surfaces has also been demonstrated in the application of cell alignment wherein cells were guided and elongated along these surface features. 18, 19 Other applications include colloidal assembly, 20 antifouling, 21 and anisotropic wettability. [22] [23] [24] [25] [26] With the increasing interest in the diverse applications of micro-and nanosized surface features, a whole spectrum of fabrication techniques has arisen, including photolithography, laser scanning micro/nanomachining, molding, transfer printing, self-assembly. 27 In general, they can be divided into two categories: top-down approaches and bottom-up approaches. In top-down approaches, bulk materials are sculpted into desired structures. In bottom-up approaches, structures are obtained by taking advantage of the natural tendency of material systems to self-assemble. Because topdown approaches are usually time-consuming involving tedious fabrication steps and limited by diffraction, the present work focuses on a bottom-up self-assembly technique.
Bottom-up fabrication of wrinkles is conventionally carried out on bi-layer material systems consisting of a stiff thin film and an elastic substrate. Commonly, bi-layer structures are fabricated by depositing a metal layer (aluminum, gold, or platinum) on polymer substrates, [28] [29] [30] [31] [32] [33] by oxygen-plasma treating polydimethylsiloxane (PDMS) substrates to transform the top layer to a hard silica-like shell, 34 or by layerby-layer self-assembly of polymeric thin films on polymer substrates. 20, 35 One method to corrugate the thin film is to bond it to the substrate while the latter is heated and expanded. When the substrate is cooled down, the built-up compressive stress inside the film forms wrinkles. 28, 34 Another method to generate wavy patterns, especially in metal/polymer heterostructures is to make use of the compressive stress resulting from the mismatch of coefficients of a)
Currently with Samsung Electronics Co., Ltd., San #16 Banwol-dong Hwasung-city, Gyeonggi-do 445-701, Korea. thermal expansion (CTE) between the two layers. 31, 33 The major characteristic of patterns fabricated through these methods is the thin film corrugates in a completely arbitrary manner without preferred orientations. The randomness reflects the drawback of self-assembly at large, which is the difficulty of obtaining defect-free ordered patterns over a long range. It is necessary to solve this problem as it limits the possibilities of applications, most of which require control of pattern orientations. In particular, uniaxially aligned wrinkles are widely used in the optics arena.
The rule of thumb of fabricating unidirectional wrinkle patterns is to create a unidirectional compressive stress field in the thin-film. This is usually achieved through manipulating the substrate. More specifically, once the compressive stress in the film along a certain direction exceeds a critical value, the film buckles and forms wrinkles whose direction is perpendicular to the direction of the stress. In such a bilayer heterostructure, the substrate behavior (shrinking in one direction while remaining the same or expanding in the orthogonal direction) can easily provide the driving stress field which the thin film needs. Many researchers were guided by this principle during research into the fabrication of unidirectional wavy patterns. Khang et al. [36] [37] [38] [39] prestretched the PDMS substrate in one direction and then bonded single-crystal silicon strips on its top surface. The subsequent release of the pre-strain allowed the substrate to shrink back, leading to formation of unidirectional wavy structures in the silicon layer. Genzer et al. 15, 22, 40, 41 followed a similar route by pre-stretching the PDMS substrate and depositing a thin layer of semi-fluorinated molecules or stiffening the top layer by oxygen-plasma. Ohzono et al. 42 tackled this problem from another perspective. They managed to realign existing random wrinkles by applying inplane compression to the substrate. As opposed to the mechanically assisted methods, Kim et al. 33 effected the self-assembly with thermal assistance. Local photothermal modulation was applied to an aluminum/PMMA heterostructure by focusing an Argon laser down to a single line using a cylindrical lens. In this case, ridge patterns were formed only in the heat-affected zone on the surface. Unlike the above, research of Fu et al. 17 focused on the substrate material itself. They chose shrinky-dink, a special polymer material with a negative CTE, as the substrate. Deposited with a layer of gold, the shrinky-dink substrate was clamped to restrict deformation in one direction, while being left to deform freely in the orthogonal direction. Upon heating, the substrate remains the same in the confined direction but shrank in the other direction. As a result, uniaxial wrinkle patterns evolved.
As opposed to the above, our approach here is to use a smart material, shape memory polymer (SMP), as the substrate such that unidirectional compressive stress can be created without any additional mechanical or thermal assistance, which were essential in the alignment techniques introduced previously. SMPs are a class of stimuliresponsive polymers that are capable of "memorizing" a permanent or initial shape. That is, upon certain stimuli, SMP samples can return from the current shape to the predetermined shape. SMPs can respond to stimuli including heat, infrared (IR) light, magnetic field, electric current, and water or moisture. [43] [44] [45] [46] [47] [48] [49] [50] Thermally induced SMPs whose shape memory effect is triggered by heat were chosen in the present work. One of the merits of our approach is that the substrate itself is "smart" enough to exhibit the designed behavior. More importantly, after programming, the potential of unidirectional compression is stored and can be locally activated by local heating techniques, like focusing a laser beam. The un-activated area remains flat, leaving room for future integration of additional features. This spatial selectivity is attractive for fabrication of devices that require multiple components on a single chip. 33 We proposed the idea and previously demonstrated that the experiment-obtained wrinkles were well-aligned with uniform wavelength and amplitude. 51 Later in the same year, Zhao et al. 52 investigated pattern formation on gold/SMP structures under various surface conditions and heating temperatures. Baker et al. 53 focused more on the biocompatibility of such surface wrinkles for the application of cell alignment. Li et al. 54 fabricated both irreversible and reversible wrinkles on a bi-layer wrinkle system by introducing indentation and stretching for substrate programming. Both Li et al. and we 55 did a preliminary parametric study to investigate the influence of programming strain and film thickness, but the results were not quite satisfying.
In this paper, the design concept of utilizing SMP as the substrate in metal/polymer heterostructures will be elaborated. Then the fabrication process and the experimental results will be presented, followed by a comparison between the wrinkle wavelength and amplitude measured experimentally and the predictions made by a finite deformation model. 38 A progressive damage scheme and a simple viscoelastic model will be proposed to understand defect formation and surface wrinkle evolution respectively. Lastly, optical reflectance measurements from wrinkled surfaces will be discussed as an exploratory application of organic photovoltaic cells.
II. METHODOLOGY
Before proceeding further, it is important to understand thermally induced shape memory programming. A cycle of shape memory effect is schematically shown in Fig. 1 . A SMP sample is in its permanent shape after being molded and cured. When it is heated and the temperature is brought up to the thermal transition temperature T g , it softens and can be easily deformed into a temporary shape. Then, in stage 3, the deformed sample undergoes a cooling process under constraint in which the temperature decreases below T g to room temperature. At this point, the temporary shape is fixed even when the sample is constraint-free, signifying the completion of programming. A SMP sample must undergo programming to get its memory. When the sample is reheated above T g , it snaps back to the original shape, as indicated in stage 4.
Here is the complete procedure of fabricating unidirectional wrinkle patterns by incorporating SMP substrates using the shape memory effect. For clarity and simplicity, the direction of the external SMP programming strain is denoted by the 1-direction, while the orthogonal direction is denoted by the 2-direction.
1. The SMP substrate is prepared and heated above T g for programming. It is stretched along 1-direction with the tensile strain 1 . Because of the Poisson's effect, at the same time, it shrinks along 2-direction with the compressive strain 2 . 2. The programming strain is kept until the temperature is gradually brought down to room temperature. The temporary shape is fixed. 3. In the temporary shape, the substrate surface is coated with a thin layer of metal. This step completes the fabrication of the metal/SMP bi-layer structure. Note that, unlike the techniques proposed by others, the coating can be done without mechanically or thermally deforming the substrate. 4. The bi-layer structure is reheated above T g to trigger the shape memory effect. Upon activation, the SMP substrate returns to its permanent shape by shrinking 1 in the 1-direction and expanding 2 in the 2-direction. Such a substrate behavior creates compression in thin film in the 1-direction and tension in the 2-direction. Consequently, thin film corrugates and the wrinkling patterns are aligned with the 2-direction (Fig. 2) .
III. EXPERIMENTS
The SMP used in the present study is a two-component epoxy resin-based thermo-responsive SMP. The transition temperature T g is specified as slightly lower than 100 C. 56 The synthesis of the SMP was based on recipes reported elsewhere. 56 The diglycidyl ether of bisphenol A epoxy monomer (EPON 826) and the curing agent poly(propylene glycol)bis(2-aminopropyl)ether (D230) were purchased from Hexion and Huntsman, respectively. Both of these components were used as received. Epon 826 and D230 were mixed with the molar ratio of 2:1. The mixture was cured at 100 C for 1.5 h, followed by a 1 h post-curing at 130 C. Upon the completion of synthesis, samples were demolded and cut into rectangular shapes with the dimension of 50 Â 20 Â 1 mm.
The SMP substrate was programmed with a custommade stretching apparatus in a furnace. Both of the substrate's ends were clamped at room temperature, and it was heated in the furnace at 100 C for 20 min in order to fully activate the shape-memory effect. Subsequently, it was stretched to the desired strain at elevated temperature. Finally, it was quenched to room temperature under constraint such that the programmed strain was fixed. After the substrate preparation, a thin layer of aluminum was deposited on the SMP surface in a thermal evaporator. To selfassemble the wrinkles, the sample was placed in the furnace and annealed at 100 C. As the substrate recovered its original shape, the aluminum film corrugated forming surface wrinkles due to unidirectional compression. The wrinkle patterns were characterized in an atomic force microscope (AFM, Veeco Dimension ICON PT system) operating in contact mode. For each sample, at least three surface sites were characterized.
A parametric study was carried out in order to investigate the influence of film thickness and programming strain. For the former variable, aluminum thin films with different thicknesses from 10 nm to 60 nm were deposited at different 
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Chen, Kim, and Krishnaswamy J. Appl. Phys. 112, 124319 (2012) places on the same piece of substrate programmed with 2.90% strain. For the latter variable, substrates programmed with various strains ranging from 0.91% to 19.69% were all coated with a 30 nm aluminum layer.
IV. RESULTS AND DISCUSSION
A. Wrinkling behavior explained by finite deformation model Fig. 3 shows the optical micrograph of surface wrinkle patterns on a 1% prestrained substrate coated with 30 nm aluminum. It is representative of all the samples in that on all the samples, aluminum thin film buckles and forms wrinkles that are well-aligned to the perpendicular direction of the programming strain. The 2D fast fourier transform (FFT) image, shown with the 3D AFM image of a sample programmed with 2.90% strain in Fig. 4 , confirms the directionality. The wavelengths, as well as amplitudes (more readily obvious in Figs. 4 and 5) are both uniform over a long range. In addition to wrinkles, cracks orthogonal to the wrinkles also appear. A similar phenomenon was observed in the literature. 15, 30, 34 In this case, it can be explained as follows. During shape recovery, tensile stress is developed in the thin film due to Poisson's effect along the direction perpendicular to the compressive stress. The tensile stress may exceed the film strength such that it rips the film apart, resulting in cracks. Qualitatively, we did observe that for the second group of samples, the cracks were denser on a substrate programmed with a higher strain. A progressive damage scheme in the tension direction will be proposed later to explain this behavior. Cracks, however, may not be completely undesirable. Rand et al. 57 discovered that they create stress discontinuities which result in local uniaxial stresses, aligning wrinkles across the surface. Chung et al. 58 even utilized this wrinkle-crack phenomenon to measure the thin film mechanical properties.
For the first group of samples, different thicknesses of aluminum film were coated on the same substrate. With the increase of film thickness from 10 nm to 60 nm with a 10 nm interval, the wavelength and the amplitude increases as well, from 0.93 lm to 5.00 lm, and from 37 nm to 325 nm, respectively. Plotting them versus the thickness suggests an approximate linear relation, as shown in Figs. 6 and 7.
The second group of samples was programmed with different strains though coated with the same thickness of aluminum film. As the programming strain increases from 0.91% to about 20%, the wavelength decreases from approximately 2.7 lm to 2.3 lm, shown in Fig. 8 . The amplitude, on the other hand, increases from about 95 nm to 270 nm, shown in Fig. 9 . But this is only valid for the cases of moderate program strains. As the strain further increases, a hierarchy of wrinkles forming nested structures was observed in the literature 15 when the substrate was prestrained to 50%. The authors explained that when first generation of wrinkles were formed and saturated, the external compression is not yet fully relieved. In order to further accommodate the compression, the thin film topped with wrinkles continued to buckle, whose effective thickness was greater than the film thickness itself. According to theoretical models, wrinkle wavelength is directly correlated to film thickness, thus, the second generation of wrinkles had a larger wavelength.
Theoretical models predicting buckling wavelength and amplitude of a stiff thin layer bonded to a compliant 2012) substrate are next reviewed and compared with our experimental results. The analytical research on the aforementioned bi-layer structure dates back to the 1960s in connection with aerospace sandwich structures. 59 More recently, Chen et al. 32 analyzed the one dimensional problem consisting of a thin elastic layer resting on an elastic substrate, in which the thin film buckles because of the release of the prestrain of the substrate. By minimizing the total energy of the system comprising the strain energy of the substrate and the film's membrane energy and bending energy with respect to wavelength and amplitude, they found that the wrinkle wavelength k 0 , amplitude A 0 , and critical strain c can be expressed as
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in which E f and E s are the plane-strain moduli of the film and the substrate respectively, pre is the prestrain, and h f is the film thickness. In this model, the wrinkle wavelength is only related to those three parameters, and is independent of the prestrain. Jiang et al. 38 updated the model as a thin elastic layer resting on a Neo-hookean substrate, taking account of the influence of prestrain
where
The finite deformation model proposed by Jiang et al. including strain effect may potentially apply to our bi-layer material system, given that pre is treated as the program 2012) strain. Both experimental data (varying thickness and varying strain) and theoretical predictions given in Eqs. (5) and (20) are plotted in Figs. 6-9. For the varying thickness case, the measured wavelength versus thickness curve is close to a straight line, which is predicted by Eq. (20) , shown in Fig. 6 . Since it is difficult to directly measure the substrate modulus around T g , we managed to extract the modulus from the slope of wavelength versus thickness curve, given film modulus, as indicated by Eq. (20) . The substrate modulus E s is calculated as 8.0 MPa, and this is used as a known parameter to further calculate the expected theoretical response. In Fig. 7 , we can see that the experimentally measured amplitude and the theoretical curve match very well. For the varying strain case, unlike the monotonic decrease of wavelength with increasing strain given in the theoretical model, the decreasing trend for experimental data is more modest. Corresponding to a 20-fold increase of strain, the wavelength decreases only 15%. This means that the wavelength has a weak dependence on program strain. As a matter of fact, error analysis reveals that the theoretical curve and the constant fit can describe experimental data to almost the same extent. If we look closely, we can find that the decreasing trend is mostly for strain less than 7%. In that strain range, the decrease is even more drastic compared to the theoretical predictions. Beyond 7%, the wavelength is almost independent from program strain. Li et al. 54 observed a similar phenomenon, in which the wavelength stops decreasing at about 5% prestrain. They ascribed the deviation to the possible plastic deformation happening in the thin film, as opposed to the linear elasticity assumption used in the finite deformation model. They held that as the strain increases, the fraction of thin film undergoing plastic deformation increases, which decreases the effective film modulus. According to Eq. (20), the wavelength decreases consequently. Up to a certain critical strain level, the plastic deformation saturates and the film modulus remains constant. This explanation may apply to our case. Amplitude versus strain graph, Fig. 9 shows that although following the same trend, the model overestimates the amplitude, especially at larger strains. The considerable deviation for certain data points (for example at 7.66% and 5.93%) could be due to the fact that the substrate modulus may not be constant for different samples. For the SMP used here, the modulus can change about 2 orders of magnitude around the transition temperature T g . 56 A slight difference in shape recovery temperature could drastically affect the substrate modulus, thus, the amplitude. We therefore did a single-parameter curve fitting
based on Eq. (5) in order to alleviate the overestimation. The fitting parameter, f, obtained as 0.9226 can be interpreted as a correction to the substrate modulus. The substrate modulus is 27% higher compared to the value extracted from the wavelength versus thickness curve, which is actually acceptable considering the huge modulus variation around T g . Another interpretation of the fitting parameter is that it takes account of the long-term relaxation of amplitude, which will be discussed in detail in Subsection IV C. The basic idea is that once wrinkles are formed whose amplitude is predicted by finite deformation model, the amplitude starts to relax gradually due to the visco-elastic relaxation of the substrate. As a result, the experimental amplitude which was measured some time after the onset of wrinkle formation is smaller than analytical prediction. To sum up, the finite deformation model proposed by Jiang et al., 38 which was validated by a system consisting single-crystal silicon ribbons bonded on PDMS substrate, cannot completely predict the wrinkling topology of our metal/ SMP bi-layer system. It is mainly because as opposed to the totally mechanical behavior during pattern formation in their case, ours intrinsically has to undergo a thermo-mechanical process, i.e. shape recovery for SMP, which brings in more complexities. In addition, the constitutive relations for singlecrystal silicon and the PDMS substrate are not really applicable to our material system. On one hand, the linear elasticity assumption for the silicon ribbons may not be valid for the metal top layer which can yield and deform plasticity. On the other hand, the Neo-Hookean constitutive relation used on PDMS may not be appropriate to fully describe the temperature-driven SMP during a thermo-mechanical process. Therefore, a better model taking account of the characteristics of the metal/SMP system needs to be established.
B. Cracking behavior explained by shear lag model
While most of the theoretical work on bi-layer buckling mentioned earlier concentrated on the mechanics in the compression direction, there has been sparse work dealing with the rupture in tension direction. Inspired by the progressive transverse cracking in cross-ply composite laminates under tensile loading introduced in the paper by Lee et al., 60 a progressive damage scheme in this particular bi-layer structure is proposed. In order to simplify the analysis, a one dimensional model is considered. The geometry of the sample with a pair of cracks that are separated by a distance l is shown in Fig. 10 . Both the substrate and the film are under the tension loading per unit width P resulting from the shape recovery. From force equilibrium, we have the relation between the loading and the forces per unit width in each layer P f and P s
Based on a shear lag model, it is assumed that
where H is the shear lag parameter and u f and u s are the average displacements in each layer. Differentiating the above equation yields
The two terms on the right hand side in Eq. (10) represent the average strains. If the linear stress-strain relation is assumed, then
Substituting Eqs. (8), (11), and (12) into Eq. (10), a secondorder ordinary differential equation (ODE) is obtained
and
The solution to Eq. (13) takes the form:
in which M and N are undetermined constants. From the boundary conditions P f ¼ 0 at the crack sites x ¼ 0 and x ¼ l, the solution is given as
Using the relation between the crack spacing l and crack density g: g ¼ 1=l, the stress in the film can be expressed as
The maximum tensile stress in the film appears halfway between two cracks x ¼ l/2
When the maximum stress reaches the film strength F f , the film ruptures at the midpoint of the crack pair, and the crack density doubles. The new maximum stress at x ¼ l/4 and x ¼ 3 l/4 are lower than F f . The stress at x ¼ l/2 now vanishes. As P keeps increasing due to continuing shape recovery, the maximum stress may reach film strength again doubling the crack density. This process goes on until the shape recovery ends and P stops increasing. Normalized axial stress in the film with respect to normalized crack spacing for different crack densities is plotted in Fig. 11 . For sparse cracks, the maximum stress is very close to the film strength. It means that a small increase of loading P can induce more ruptures. As cracks get denser and denser, for the same load, the maximum stress falls farther away from the film strength, indicating that a much greater shape recovery is needed to introduce more cracks. In reality, the first group of cracks may initiate at certain film defect sites, thus, the crack spacings can be different throughout the surface. As a result, the maximum stress between any two neighboring cracks may vary. During shape recovery of the substrate, not all the maximum stresses in the film reach the film strength simultaneously, engendering new cracks. With the emergence of new cracks, the axial stress is redistributed. Further shape recovery will create another set of cracks where the film strength is reached. Consequently, crack density increases gradually during shape recovery. And the statistical distribution of crack spacing gets narrower.
The average crack spacing can be utilized to estimate the tensile strength of the thin film. 58 The average crack spacing is given as
in which h f is the film thickness, F f is the film ultimate strength under tension, E s is the substrate modulus, t is the FIG. 10 . The geometry of the bi-layer structure after cracking.
FIG. 11. Spatial distribution of normalized axial stress between two cracks with various crack densities g.
tensile strain, and 0 is the onset tearing strain. 58 With this equation, the ultimate tensile strength can be estimated from the d vs t curve. In our case, the tensile strength is calculated as 37.45 MPa. It is in fair agreement with literature reported value 40-50 MPa. 61 C. Long-term evolution of wrinkles using visco-elasticity model There are two distinct time scales for pattern formation and pattern evolution events. The former, including buckling and cracking, initiates and finishes within a short period of time upon T g . So it can be treated as a transient process. In fact, the SMP substrate itself can be activated and return to the original shape in about 10 s. Our recorded video of the process also confirms that the surface buckled and cracked almost instantly upon T g . Thus, the finite deformation model and the progressive damage scheme are both applicable. When the system is cooled down to below T g , surface features are locked. A further rapid adjustment of wavelength and amplitude is not likely. However, due to the inherent viscosity of the substrate, surface patterns may continue to evolve in the long term, even at room temperature. In the longitudinal direction, the length of both film and substrate is fixed once shape recovery completes, so it is reasonable to assume that the wavelength will not change. In contrast, the amplitude in the traverse direction can be subjected to viscoelastic evolution. For simplification, the system is modeled as a beam resting on a viscoelastic foundation, 62 as shown in Fig. 12 . Since the vertical change (amplitude) is our prime interest, the foundation is modeled as an array of densely arranged vertical 4-parameter viscoelastic elements. The strain response of each element can be seen as the sum of a Maxwell element (a spring and a dashpot in series) and a Kelvin element (a spring and a dashpot in parallel). Qualitatively, after shape recovery, the longitudinal driving force resulted from the deformation mismatch between two layers gradually vanishes. Locally, the driving force follows the sinusoidal interfacial profile. Its vertical component P v , which is the force applied on viscoelastic elements, gradually vanishes as well. The time it takes is assumed to be shorter compared to the total relaxation of the substrate. Initially right after buckling, the spring in the Maxwell element takes all the extension. But with time, the dashpot starts to creep viscously whose deformation increase rate decreases. When the load decreases to zero, the elastic deformation in the spring is completely substituted by the viscous deformation in the dashpot. And the deformation remains constant afterwards. For Kelvin model, on the other hand, the strain starts from zero initially because the dashpot in parallel cannot deform instantly. But the strain increases with time to a maximum before it starts to decrease. The strain continues to decline after vertical load vanishes until it reaches zero in infinite time. The 4-parameter model response, as the sum of a Maxwell model and a Kelvin model, starts from the elastic response and gradually decreases as time elapses such that the surface corrugation sags reducing the amplitude. The strain continues to decrease asymptotically to a constant value in the stress-free state. For polymers, the relaxation time can range from months to years. 63 So it will take a long time before the system reaches the final equilibrium state. Quantitatively, the vertical load P v is assumed to linearly decrease to zero at t 1 moment, as shown in Fig. 13(a) . The amplitude (measured by strain) is calculated using Boltzmann superposition principle and the constitutive relations of the 4-parameter element. After normalization with respect to the initial amplitude at t ¼ 0, it is plotted in Fig. 13(b) as the red curve. The curve suggests that amplitude declines with the decrease of vertical load, and it continues to drop after vertical load 
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We did an experiment regarding the visco-elasticity evolution. After corrugation, the aluminum layer was removed by 85 wt. % phosphoric acid as an etchant, leaving only the SMP substrate. The cross-section profiles before and after the removal of the aluminum layer are shown in Fig. 14 . The figure reveals that the peak-to-valley amplitude decreases from about 300 nm to 100 nm, while the wavelength remains the same. With the removal of the aluminum layer, the vertical load applied on the substrate disappears. As seen as the blue dash-dot curve in Fig. 13(a) , it is modeled as a sudden drop at moment t 2 before the natural relaxation of vertical load completes. The calculated normalized amplitude is plotted as the blue dash-dot curve in Fig. 13(b) . We can see from the graphs that once the load drops to zero, there is a concurrent instant amplitude dive. But after this discontinuity, amplitude keeps continuous declining asymptotically to a constant value.
D. Application: Optical gratings
In the hope of incorporating the patterned surfaces as reflectors in organic photovoltaic cells to enhance light absorption, the reflection spectra from a group of samples with various wavelengths, amplitudes and aspect ratios were next investigated. Sample details are tabulated in Table I . As a reference, a flat and smooth surface of SMP substrate was also measured. A spectrophotometer with an integrating sphere (PerkinElmer Lambda 1050) was employed. The scan range is from 200 nm to 1600 nm with an increment of 10 nm, and both diffuse reflectance (R dif f use ) and total reflectance (R total ) were measured in order to estimate the haze factor (R dif f use =R total ). Prior to the characterization, an additional layer of aluminum (less than 150 nm) was deposited on top of Al/SMP grating patterns to ensure that the film was optically thick. Then the structure was again imaged in an AFM to verify that the additional coating did not broaden the pattern wavelength or otherwise change the wrinkle patterns. Fig. 15 shows diffuse reflectance spectra from the nanograting patterns. The reference sample, which has a flat and smooth surface, practically does not scatter any light, and the response is mostly from specular reflection. On the patterned surfaces, however, significant diffuse scattering is observed. Sample #1 shows highest reflection (79.8%) at the ultraviolet (UV) wavelength, and the value drops down to 6.9% in the IR region. The small peak at 850 nm is a glitch in measurement due to the change of photodetector during the measurement in the spectrophotometer, which has an InGaAs detector for the IR wavelength and a photomultiplier tube (PMT) for the UV/visible (Vis) region. This experimental error is consistent throughout the measurements, so it is ignored in the discussion here. In sample #2, the pattern wavelength and amplitude are both larger than those of sample #1, resulting in the peak reflectance value at 200 nm decreasing and another peak appearing at 280 nm. Overall, FIG. 14. Wrinkle cross-section profiles before and after etching. R dif f use is enhanced by 2 $ 20%, and better reflectivity is obtained in the entire wavelength range. The enhancement is prominent in sample #3. A third peak is located at 500 nm, and the diffuse reflectance is enhanced by 66 $ 90% in the UV/Vis region. In the IR wavelength, the performance is also better than those of samples #1 and #2. For sample #4, the optical characteristic is different from the previous samples. The peak values in the UV/Vis region disappear but a maximum is obtained at 1060 nm. Although it is outmatched by other samples in UV/ Vis, its reflectance above 1200 nm is the best of all. This is also important for organic photovoltaics (OPV) applications, which usually have poor absorption in the near-infrared region. 64 From the responses of samples #1-#3, it is seen that the increase of pattern aspect ratio results in a redshift of the peak R dif f use .
Based on the measurement data, haze factors (R dif f use =R total ) were averaged in the three wavelength regions (200-400 nm for UV, 400-800 nm for Vis, and 800-1600 nm for IR) and compared in Fig. 16 . All samples show the highest diffuse reflectance in UV, followed by those in Vis and IR. The averaged haze factor in the visible region for sample #3, however, is comparable to that of the UV wavelength, and sample #4, which has the largest aspect ratio, shows the highest value in the IR region. This is consistent with the observation in Fig. 15 . We expect that such characteristics will work favorably for front/back-reflector applications. Since the proposed idea has not been realized on OPVs yet, there are no references to which we can directly compare our results. Some studies, however, clarify the relationship between the enhancement of power conversion efficiency and light-scattering on the reflector in thinfilm solar-cells. For example, Cho et al. 65 demonstrated improvement of silicon thin-film solar-cell efficiency from 5.12% to 7.60% by optimizing the surface roughness of ZnO/Ag back-reflector, which showed the peak diffuse reflectance ($80%) at 450 nm and overall less than 50% in the 400-1100 nm wavelength region. In addition, Sai et al. 66 reported that the efficiency increased from 7% to 9% on their n-i-p configuration microcrystalline thin-film solar-cells by employing a textured ZnO front surface. In their work, R dif f use of 40%-77% was obtained in the range of 320-1400 nm with a peak at 620 nm. Although these examples are for silicon-based photovoltaics, and the actual result in OPVs could vary depending on the material and structure of the active layer, we anticipate that the incorporation of selfassembled structure using our approach in the cell-design could contribute to boosting the power conversion efficiency.
V. CONCLUSIONS
We proposed an assisted self-assembly method of fabricating unidirectional wavy patterns in metal/polymer structures by using thermally induced SMP as the substrate. It is both economic and convenient. By pre-programming the SMP substrate, a unidirectional compressive stress field was created in the film as the bi-layer structure was heated and shape recovery was initiated. As a result, anisotropic wrinkles whose direction was perpendicular to the programmed strain direction were obtained. A parametric study regarding the influence of programming strain and film thickness on wrinkle wavelength and amplitude indicated that the finite deformation theory can predict the wrinkle topology to a certain extent. But in order to better describe the metal/SMP system, non-linearity of the metal film's stress-strain relation, as well as the innate thermo-visco-elastic characteristics during pattern formation should be taken into account. Following the parametric study, a progressive damage scheme was proposed to qualitatively understand crack formation which is concurrent with wrinkling. Lastly, a multi-timescale theory was proposed to describe the wrinkle/crack formation and subsequent long-term evolution. The top layer buckles and forms wrinkles and cracks almost instantly upon shape recovery of the SMP substrate. Once the shape recovery completes and the temperature is lowered, the surface topology is "locked". Nevertheless, for an extended period of time, the inherent visco-elasticity of the substrate starts to play a role, leading to the continuous decrease of amplitude until the system is fully relaxed, while the wavelength remains the same. Finally, the application to photovoltaics is discussed. Reflection spectra of patterned samples from 200 to 1600 nm wavelength were measured using a spectrophotometer, and results showed enhancement of diffuse reflectance with the maximum 90% in the UV/Vis region and unprecedented enhancement in the near-infrared region. FIG. 16 . Haze factors averaged in the UV (200-400 nm), Vis (400-800 nm), and IR (800-1600) wavelength regions. Sample #3 shows the best performance in the UV/Vis region, and sample #4 is more suitable for lightscattering in the IR region.
